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Aequorinnescent- and ﬂuorescent-based Ca2+ imaging techniques, we have re-examined
the Ca2+ dynamics that occur during the Blastula Period (BP) of zebraﬁsh development. We conﬁrm that
aperiodic, localized Ca2+ transients are generated predominately in the superﬁcial epithelial cells (SECs). At
the start of the BP, these Ca2+ transients are distributed homogeneously throughout the entire superﬁcial
epithelium. Following the mid-blastula transition (MBT), however, their distribution becomes asymmetrical,
where a signiﬁcantly greater number are generated in the presumptive dorsal quadrant of the superﬁcial
epithelium. This asymmetry in Ca2+ signaling lasts for around 60 min, after which the total number of
transients generated from the entire superﬁcial epithelium falls to less than one per minute until the end of
the BP. We have thus called this asymmetry the “dorsal-biased Ca2+ signaling window”. The application of
pharmacological agents indicates that the post-MBT SEC Ca2+ transients are generated via the
phosphatidylinositol (PI) signaling pathway. This suggests that the previously reported ventralizing function
attributed to the homogeneously distributed PI pathway-generated SEC Ca2+ transients is most likely to occur
earlier in development, prior to the MBT.
© 2008 Elsevier Inc. All rights reserved.IntroductionIn zebraﬁsh, the Blastula Period, which runs from the 128-cell
stage to ∼50% epiboly (i.e., ∼2.25–5.25 hpf), has been described as a
stage of “regional speciﬁcation”, during which several key develop-
mental events take place (Kane and Warga, 2004). Several imaging
techniques have been used to visualize the Ca2+ dynamics that occur
during this period of zebraﬁsh development, as well as experiments
undertaken to explore the possible developmental function(s) of the
Ca2+ signals observed (Reinhard et al., 1995; Slusarski et al., 1997a,b;
Créton et al., 1998;Westfall et al., 2003a; Lyman Gingerich et al., 2005;
and reviewed by Webb and Miller, 2000, 2003, 2006; Slusarski and
Pelegri, 2007; Freisinger et al., 2008).
Using confocalmicroscopy and a combination of both cytosolic (Ca-
green dextran) and nuclear (NuCa-green) targeted ﬂuorescent Ca2+
indicators, Reinhard et al. (1995) were the ﬁrst to report that starting
from the 32- to 128-cell stage (i.e., 1.75–2.25 hpf), endogenous, highly
localized Ca2+ transients (which they termed “Ca2+ spikes”) began to
occur exclusively in the superﬁcial epithelial cells (SECs; Oteíza et al.,
2008) of the blastoderm. These Ca2+ transients – with durations of 20
to 50 s – were generated in either individual or small groups of 2 to 5ithelial cell; IP3R, inositol 1,4,5-
W, dorsal-biased Ca2+ signaling
l rights reserved.adjoining SECs, and were never observed in the deep cells. Where a
small group of adjoining cells exhibited synchronized signaling
activity, this took the form of a localized intercellular Ca2+ wave,
propagating with a velocity of ∼10 μm/s and an estimated peak [Ca2+]i
of ∼300 to 1000 μM. Reinhard et al. (1995) also showed that the
concentration of inositol 1,4,5-trisphosphate (IP3) remained at a low
level for the ﬁrst 5 cell cycles of zebraﬁsh development, then began to
increase after 1.75 hpf (i.e., the 32-cell stage), ﬁnally reaching a plateau
at ∼2.75 hpf to 3.0 hpf (i.e., the 512-cell to 1 K-cell stage). They
therefore proposed that the Ca2+ transients visualized in the SECs
might be generated by IP3-mediated Ca2+ release, and thus involve
upstream activation of the phosphatidylinositol (PI) pathway.
In addition, Reinhard et al. (1995) reported that the SEC Ca2+
transients did not correlate with cell cycle progression and suggested
that they were thus linked to some other cellular/developmental
function of the superﬁcial epithelium, for example in cell-to-cell
adhesion and/or in the differentiation of the characteristic epithelial
properties of the SECs. Furthermore, although they reported that no
regionalization of the transients could be detected along either the
animal pole–vegetal pole axis or the future dorsal–ventral axis, they
proposed that the SEC Ca2+ transients might in some way be involved
in dorsal–ventral axis patterning. No direct experimental evidence,
however, was presented to support any of these plausible suggestions.
In a subsequent study, Slusaraki et al. (1997a), using a non-confocal
Fura-2-based ratiometric imaging technique, presented data to
suggest that the Blastula Period Ca2+ transients might be linked to
the Wnt/Ca2+ (also known as the non-canonical Wnt) signaling
Fig. 1. The quadrant analysis protocol. (A) A representative bright-ﬁeld image of an embryo in an animal pole orientation at ∼6 hpf; the embryonic shield is labeled with an “S”. (B)
Using the position of the shield to identify the dorsal region, the embryo was then divided into the dorsal (D), ventral (V), left (L) and right (R) quadrants. (C) The Ca2+ transients
detected by the automated analysis algorithm from 2.25 hpf to 6 hpf were then superimposed onto the corresponding bright-ﬁeld image (i.e., ∼3 hpf in this example). The black and
red squares indicatewhere one or two Ca2+ transients were generated, respectively. (D) Assignment of these transients to the appropriate quadrant by retrospective application of the
positional information obtained at 6 hpf. This analysis protocol was only applied to data acquired from embryos that were held stationary throughout the imaging period. Scale
bar=200 μm.
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induced over-expression of Xenopus Wnt-5a (Xwnt-5a), but not Xwnt-
8, in zebraﬁsh embryos resulted in an increase (i.e., a doubling) in the
frequency of the Ca2+ transients recorded from the outermost region of
the blastoderm. They also provided data to support the proposal made
by Reinhard et al. (1995) that the SEC Ca2+ transients were generated
by activation of the PI signaling pathway and that Ca2+ was released
from intracellular stores (most likely the ER) via IP3Rs.
Slusarski et al. (1997b) also investigated the effect of Frizzled (Fz;
which is known to interact with Xwnt-5a and other signaling
components that trigger Ca2+ release), on the SEC Ca2+ transients.
The ectopic expression of rat Fz-2 (Rfz-2) was reported to trigger Ca2+
transients in zebraﬁsh embryos. In addition, the effect of Rfz-2 could
be enhanced by Xwnt-5a during the early Blastula Period (i.e.,
between 1.75 hpf to 3 hpf). Furthermore, the Ca2+ release triggered
by Rfz-2 was shown to be inhibited by the inositol monophosphatase
inhibitor, L-690,330 and by the G-protein signaling inhibitors,
pertussis toxin and GDP-β-S. Their results thus supported the
suggestion that Xwnt-5a/Rfz-2 activates the PI pathway via G-protein
signaling.
Westfall et al. (2003a) targeted several points in the PI pathway
with a variety of chemically distinct inhibitors (i.e., U73122, an
inhibitor of phospholipase C; Xestospongin C, an IP3R antagonist and
L-690,330 — described above), and clearly demonstrated that
inhibition of PI cycle activity has a signiﬁcant impact on normal
dorsal–ventral patterning. They described an increase in dorsal tissue,
both at the morphological and molecular level, as a result of PI-cycle
and Ca2+ release inhibition. They also reported that the expanded
dorsal signaling domains had increased amounts of nuclear β-catenin
and proposed that the role of PI cycle-mediated Ca2+ release in
establishing dorsal–ventral patterning was via antagonistic interac-
tions with Wnt/β-catenin signaling. The authors, however, once again
reported that in spite of a clear link between PI cycle activity and the
establishment of a normal dorsal–ventral axis, they could not detect
any apparent asymmetry in the Ca2+ transients with respect to the
future dorsal–ventral axis.
In addition to these ﬂuorescent-based imaging reports, Blastula
Period Ca2+ transients have also been visualized using non-confocal,
aequorin-based imaging techniques (Créton et al.,1998; Webb and
Miller, 2000, 2006). For example, Créton et al. (1998) reported that
aequorin-loaded embryos exhibited small Ca2+ spikes at a frequency of
about one perminute between 3.5 to 4.5 hpf (i.e., from the high stage to
dome stage). In this case, the authors imaged embryos from a lateral
view, and from this orientationwere not able todiscern any clear signal
distribution pattern with respect to the future dorsal–ventral axis.
Thus, in spite of the growing number of reports regarding the
generation of SEC Ca2+ transients during the zebraﬁsh Blastula Period
and their possible link to dorsal–ventral patterning of the embryo
(Reinhard et al., 1995; Slusarski et al., 1997a,b;Westfall et al., 2003a,b),
to date none have demonstrated any dorsal–ventral asymmetry in thepattern of SEC Ca2+ transients. We reasoned that this failure to detect a
signaling asymmetry may have resulted, to a substantial degree, from
the Ca2+ imaging techniques and protocols employed. We thus
undertook an extensive re-evaluation of the Blastula Period Ca2+
transients using both aequorin-based luminescent imaging and
ﬂuorescent confocal-based imaging. We suggest that the former is
best suited to provide a near-continuous recording of global Ca2+
signaling events in large embryos like those of the zebraﬁsh, while the
latter is essential for determining the speciﬁc cellular location within
the embryonic blastoderm of each Ca2+ transient. Furthermore, in the
case of aequorin-based imaging, we examined entire embryos from an
animal pole view, as we believe that this is the best orientation from
which to observe any asymmetry with regards to the spatial
distribution of the Ca2+ transients, with respect to the dorsal–ventral
axis.
The application of these imaging techniques has allowed us to
report that prior to the MBT, Ca2+ transients are generated in a
homogeneous manner throughout the SEC. Following the MBT,
however, and for a transitory window lasting ∼60 min (i.e., one
third of the 3 h long Blastula Period), the SEC-generated Ca2+
transients display a distinct dorsal bias. This leads us to suggest that
in zebraﬁsh, the previously reported sensitive period with respect to
the ventralizing effects of PI pathway-generated Ca2+ signals (Slu-
sarski et al., 1997a,b; Westfall et al., 2003a,b) may occur earlier in
development than the generation of the dorsal-biased Ca2+ signaling
window (i.e., sometime prior to the MBT at ∼2.75 hpf). We also
provide additional supportive data that link the generation of the
Blastula Period SEC Ca2+ transients via the PI signaling pathway to the
activation of G-protein receptors. Furthermore, we consider, in light of
our new data, the interaction between the Wnt/Ca2+ signaling
pathway and the Wnt/β-catenin pathway in the development of the
dorsal–ventral axis in zebraﬁsh embryos, and we propose that this
complex signaling interaction might change following the mid-
blastula transition.
Materials and methods
Embryo collection
Stocks of wild-type (AB) and hecate (hec; Lyman Gingerich et al.,
2005) mutant zebraﬁsh were raised and maintained under standard
conditions on a 14-hour light/10-hour dark cycle (Westerﬁeld, 2000).
The hecmutants were a kind gift fromDr. Francisco Pelegri (University
of Wisconsin–Madison, USA). hec embryos were obtained by crossing
homozygous mutant females with AB males. Collected embryos (both
AB and hec) were kept in 30% Danieau's solution (19.3 mM NaCl;
0.23 mM KCl; 0.13 mM MgSO4 U7H2O; 0.2 mM Ca(NO3)2; 1.67 mM
HEPES, pH 7.2) at ∼28.5 °C for the duration of the experiments. In
some experiments, embryos were dechorionated using pronase
(Sigma), as described in the Zebraﬁsh Book (Westerﬁeld, 2000).
Table 1
Summary of the stock and working concentrations of the pharmacological reagents
used
Reagent Function [Stock] [Working]
Ryanodine RyR antagonist 1 mM 1 μM
2-APB IP3R antagonist 100 mM 50 μM, 100 μM
U73122 ‘Strong’ phospholipase C
inhibitor
1 mM 0.1 μM, 0.4 μM
U73343 ‘Weak’ phospholipase C
inhibitor
1 mM 0.4 μM
SU5402 FGF and PDGF
signaling pathway
inhibitor
100 mM 100 μM
AG1296 PDGF signaling
pathway inhibitor
100 mM 100 μM
GDP-β-S G-protein-coupled
receptor inhibitor
20 μMa 210 nMb
Wnt5A (recombinant, mouse) Wnt/Ca2+
pathway agonist
1.31 μM 6.58 nM
Wnt7A (recombinant, human) Wnt/β-catenin
pathway agonist
1.41 μM 7.04 nM
FGF-1 (recombinant, human) FGF pathway agonist 645 nM 6.45 nM
Apart from GDP-β-S, all the other antagonists/inhibitors and agonists used are membrane
permeable and thus, embryos were incubated in these pharmacological reagents.
a GDP-β-S was injected into embryos at the stock concentration shown.
b An intra-embryonic concentration of 210 nM was estimated by assuming that the
total volume and total water content of the embryo is ∼128 nl and ∼87 nl (i.e., 68% of
128 nl; Leung et al., 1998), respectively, and that GDP-β-S diffuses evenly throughout
the embryo.
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Microinjection protocols for aequorin have been previously
described (Webb et al., 1997). Approximately 3 nl of recombinant f-
aequorin (0.5–1% in aequorin buffer: 100 mM KCl, 5 mMMOPS, 50 μM
EDTA; The Photoprotein Lab., Falmouth, MA; Shimomura et al., 1989)
wasmicroinjected into the center of the yolk of embryos at the one-cell
stage. Following injectionwith f-aequorin, zebraﬁsh embryos develop
normally up until at least 24 hpf (Webb and Miller, 2000, 2003).
In experiments where data regarding whole embryo Ca2+
dynamics were acquired, aequorin-loaded embryos were held in
small groovesmade in agarose in an imaging chamber (as described in
Webb et al., 1997) with their animal pole oriented towards the
objective. The dimensions and geometry of the groove ensured that
the embryos did not move during imaging. Aequorin-generated and
bright-ﬁeld images were collected with our custom-built photon
imaging microscopes (PIMs; Science Wares; see Webb et al., 1997, for
details), using a Zeiss Fluar 10×/0.5 N.A. objective. Immobilized
embryos were imaged until ∼6 hpf, i.e., when the embryonic shield
became visible. The identiﬁcation of the dorsal (and thus ventral, left
and right) quadrant of the embryo was critical for the retrospective
quadrant analysis protocol (described below), which was applied to
the Ca2+ transients recorded during the Blastula Period.
In some Ca2+ imaging experiments, embryos were imaged at
higher magniﬁcation (i.e., using a Zeiss Plan-NEOFLUAR 40×/1.30 N.A.
oil objective). In this case, embryos were placed in an imaging
chamber as described previously, with their animal pole towards the
objective, but with a ∼45° incline such that the optimal number of
SECs were located within the focal plane.
Design of an automated algorithm for analysis of the aequorin-generated
data
An automated analysis algorithm was developed to analyze the
pan-embryonic aequorin-generated data. The algorithmwas designed
to identify both the boundary and the center of individual signal
clusters by applying a Tensor Voting Framework (Medioni et al., 2000)
to the data. The imaging sequences from ﬁve representative embryos
were also analyzed manually (i.e., by visual inspection) and used to
calibrate the algorithm, such that the clusters recognized by the
algorithm closely matched those identiﬁed by the visual inspection.
Once this calibration had been made, it was then assumed that each
signal cluster subsequently identiﬁed by the algorithmwas equivalent
to an individual Ca2+ transient.
Quadrant analysis protocol
In this analysis protocol, the embryonic shield (which marks the
dorsal side of the embryo) was identiﬁed from the bright-ﬁeld image
recorded at ∼6 hpf (marked by “S” in Fig. 1A). Then the four quadrants
(i.e., dorsal, ventral, left and right) were manually deﬁned (shown as
D/V/L/R in Fig. 1B). Transients identiﬁed by the automated analysis
algorithm in 15-minute time windows were overlaid onto the
corresponding bright-ﬁeld image (Fig. 1C). By retrospective applica-
tion of the quadrant position information, the individual transients
could then be assigned to a particular quadrant (Fig. 1D). Two-way
ANOVA and the Bonferroni post-test (Zolman, 1993) were used to
compare the number of transients detected in the dorsal quadrant
with those in the other quadrants.
Characterization of the properties of the Ca2+ transients
The duration of each Ca2+ transient was determined by examining
each individual transient in real time, via the PIM review software. To
estimate the fold Ca2+ rise of each Ca2+ transient, the PIM review
software was used to determine the relative photon intensity(photons/pixel) of a cell or group of cells during a particular Ca2+
transient, as well as from the same cell or cells when the Ca2+ was at a
resting level. The ratio of these two values was then calculated, after
which the approximate Ca2+ rise of the transient was estimated by
taking the square root of the light ratio, following the assumption that
the luminescence of f-aequorin varies with Ca2+ concentration in vivo
as it does in vitro, i.e., to the second power (Shimomura, 1995). Ca2+
transients were ﬁrst manually assigned to a quadrant (as described
previously) and then the duration and fold Ca2+ rise of each transient
recorded from the different quadrants were compared using one-way
ANOVA (Zolman, 1993).
Analysis of intercellular Ca2+ wave propagation velocity
The intercellular Ca2+ wave propagation velocity was calculated
from aequorin-generated imaging data acquired using the 40×objec-
tive described previously. Using the PIM review software, a circular
sampling region covering ∼175 pixels was placed in the center of what
we have termed the “wave initiation cell” (WIC), as well as the center
of the adjacent cell into which the wave was observed to propagate. A
proﬁle of the total number of photons detected for each region was
then plotted over time. The velocity (distance/time) of the wave fronts
as they passed from the ﬁrst to the second sampling region, was
calculated as follows: the time was determined from the graph, by
subtracting the half-height time of the peak of the ﬁrst sampling
region, from that of the second, and the distance (μm) between the
center of each sampling region was measured using a calibrated eye-
piece reticule.
Analysis of the effect of different pharmacological treatments and Ca2+-
free conditions on the SEC Ca2+ transients generated during the DCW
Stock solutions of 2-APB (Sigma), AG1296, SU5402, U73122 and
U73343 (all Calbiochem) were prepared in DMSO and diluted with
30% Danieau's solution to the appropriate working concentrations
(summarized in Table 1) just prior to use. Ryanodine (Sigma) was
prepared in 30% Danieau's solution just prior to use. Stock solutions of
recombinant mouse Wnt-5A, humanWnt-7A and human FGF-1 (all R
and D Systems) were prepared in PBS and then diluted to the
Fig. 2. Overview of the upstream signaling pathways that might play a role in generating the SEC Ca2+ transients. The agonists (i.e., FGF-1, Wnt-5A andWnt-7A) and antagonists (i.e.,
2-APB, ryanodine, U73122, U73343, SU5402, AG1296 and GDP-β-S), used to explore the possible involvement of a variety of pathways, are indicated.
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Table 1). A schematic overview of the reported effect of these
pharmacological agents (both antagonists and agonists) on the
signaling components of the various Ca2+ signaling pathways under
investigation is shown in Fig. 2.
In a series of Ca2+-free experiments, Ca2+-free 30% Danieau's
solution was prepared by omitting the Ca(NO3)2 and by adding
0.2 mM MgCl2 and 1 mM EGTA. Ca2+-free protocols were also
employed during the preparation of the imaging chambers (as
described in Webb et al., 1997).
Dechorionated aequorin-loaded embryos were exposed to the
above pharmacological reagents or to Ca2+-free conditions just prior to
3 hpf. The number of Ca2+ transients recorded from an embryo in 15-
minute windows both immediately before and during the pharmaco-
logical treatments (or Ca2+-free conditions) was determined with the
automated analysis algorithm. The ratio of the transients detected at
these two time windows was calculated and the mean ratio in the
untreated control was taken to be 100%. The ratios calculated for the
DMSO or PBS solute controls, pharmacological treatments and Ca2+-
free conditions were then presented as “% of transients compared to
control”. The Mann–Whitney U test was used to compare the data
(Zolman, 1993).
Analysis of the effect of GDP-β-S on the endogenous and Wnt5A-induced
SEC Ca2+ transients
The trilithium salt of GDP-β-S (Calbiochem) was prepared in
injection buffer (150 mM KCl, 5 mM HEPES, pH 7.2) at 20 μM (10 pg/
nl). The injection buffer used for the controls was thus supplemented
with lithium, as described in Slusarski et al. (1997b). Embryos that had
been loaded with f-aequorin at the one-cell stage, were co-injected
with either GDP-β-S (9.4 pg per embryo) or 60 μMLiCl, mixed 1:1 with
400 μM rhodamine B isothiocyanate-dextran 10S (Sigma; used as a
tracer dye) into a region of the yolk immediately adjacent to the
blastomeres at the 64-cell stage. This was the stage previously chosen
by Slusarski et al. (1997b) for the introduction of GDP-β-S into
zebraﬁsh to target the Blastula Period Ca2+ transients. Embryos were
then manually dechorionated at the 128-cell stage (∼2.25 hpf),
transferred to a viewing chamber and then imaged with the PIM from
the 128-cell to sphere stage (∼2.25 to 4.0 hpf). At sphere stage,
ﬂuorescence images were acquired by transferring the embryos to a
Nikon C1 laser scanning confocal system mounted on a Nikon Eclipse
90imicroscope, using a Nikon Plan-Fluor 10×/0.3 N.A. objective. Areas
of the blastoderm emitting rhodamine ﬂuorescence were visualized
using 543 nm excitation and a 570 nm LP emission ﬁlter. The numberof endogenous Ca2+ transients recorded between 1 K-cell to high stage
(∼3.0–3.25 hpf), in areas with or without either GDP-β-S or LiCl
(determined by rhodamine ﬂuorescence), were quantiﬁed by the
automated analysis algorithm and then compared using the Mann–
Whitney U test (Zolman, 1993).
The effect of GDP-β-S (or LiCl) on Wnt-5A-modulated Ca2+
transients was also determined. Embryos that were injected with f-
aequorin at the one-cell stage and with GDP-β-S (or LiCl) and
rhodamine dextran at the 64-cell stage, as described above, were
incubated withWnt-5A (250 ng/ml) from the 512-cell stage to the end
of imaging at sphere stage.
Fluorescent-based Ca2+ imaging
Calcium Green-1 dextran (10S; Molecular Probes) and rhodamine B
isothiocyanate–dextran (10S; Sigma) were both prepared as 400 μM
stock solutions in distilled water. They were mixed 1:1 (by volume) just
prior to use. Embryos were injected through their chorions at the one-
cell stage into theyolkmasswith∼2.2 nl of the calciumgreen-1 dextran/
rhodamine B isothiocyanate–dextran mixture, after which they were
maintained at ∼28.5 °C in the dark until around the 128-cell stage
(∼2.5 hpf). At this stage, the embryoswere dechorionatedmanually and
then examined with the Nikon C1 confocal system mounted on the
Eclipse 90i microscope, described previously. Calcium green-1 and
rhodamine ﬂuorescence was visualized using 488 nm excitation/515–
530 nmemission and 543 nmexcitation and a 570 nmLP emission ﬁlter,
respectively. The rhodamine dextran was used to monitor changes in
ﬂuorescence that occur independently of changes in Ca2+ concentration.
A timed series of images (one image per 4 s) was collected through the
blastoderm, using a Nikon Plan-Fluor 40×/0.8 N.A. water-dipping
objective, from the 1 K- to oblong-stages (3.0 to 3.75 hpf). In some
experiments, embryoswere incubatedwithWnt-5A, FGF-1, SU5402 (see
Table 1 for concentrations used), or the appropriate solvent (i.e., PBS or
DMSO) from ∼2.75 to 3.75 hpf.
Immunohistochemistry and cryosectioning
Dechorionated embryos were ﬁxed at 30-minute intervals from
the 128- cell to ∼dome stage (2.25 hpf to 4.25 hpf) with 4%
paraformaldehyde in PBS containing 4% sucrose and incubated with
ﬁxative overnight at 4 °C (Zalik et al., 1999). Washing, dehydration and
re-hydration were carried out according to the Zebraﬁsh Book
(Westerﬁeld, 2000). Embryos were blocked for 1 h at room
temperature with blocking buffer: 10% normal goat serum (NGS;
Invitrogen) in PBST (PBS containing 0.1% Triton X-100), after which
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monoclonal antibody (a kind gift from Prof. Katsuhiko Mikoshiba;
Maeda et al., 1988; at 50 μg/ml in blocking buffer). They were then
incubated overnight at 4 °C with the TRITC-conjugated goat anti-rat
IgG (H+L; Zymax grade; Invitrogen) at a dilution of 1:100. Embryos
were washed for 6×15 min with PBST following each antibody
incubation step.
The labeled embryos were then cryosectioned into ∼30 μm thick
sections using the agar-embedding protocol described in the Zebraﬁsh
Book (Westerﬁeld, 2000) with a JUNG CM 3000 cryostat (Leica
Microsystems Inc.). Sections were then examined using the Nikon C1
confocal system described previously, using 543 nm excitation and a
570 nm LP emission ﬁlter, and a Plan-Apo Vc 60×/1.40 N.A. oil
objective. Fluorescent intensities in the sampling regions were
converted to grey scale levels and analyzed via the Metamorph
(version 6.1) image processing software (Universal Imaging Corp.,
Downingtown, PA, USA).
In situ hybridization
DIG-labeled RNA probes were synthesized with the mMESSAGE
mMACHINE T7 kit, with 1 μg of plasmid containing the partial
sequence of the zebraﬁsh goosecoid (gsc) gene, which was linearized
with EcoR1.
Embryos that had been treated with 50 μM2-APB from the 512-cell
stage to the high stage (i.e., ∼2.75 to 3.5 hpf) and control (untreated)
embryos were ﬁxed at shield stage (6 hpf) with 4% paraformaldehyde
containing 4% sucrose in PBS. Embryos were incubated with ﬁxativeFig. 3. Analysis of the spatial distribution of the Ca2+ transients visualized in zebraﬁsh em
transients observed at ∼3 hpf in a representative embryo. Each pseudocolor panel represents
scale represents aequorin-generated luminescence in photons/pixel. (E) Line graph to show
windows in the dorsal (blue), ventral (red), left (green) and right (orange) quadrants of the
expressed as means and SEMs from n=10 intact embryos. The dorsal-biased Ca2+ signaling wi
approximate duration of cell cycles 8–12 (Kane et al., 1992) and the duration of the Blastula an
(Eii) schematic diagram of a representative embryo, showing the embryonic shield (“S”) and
respectively. Scale bars=200 μm.overnight at 4 °C.Washing, dehydration and re-hydrationwere carried
out according to the Zebraﬁsh Book (Westerﬁeld, 2000). Embryos
were washed with PBSTw (PBS with 0.1% Tween-20) and then
incubated with hybridization mix (HM; 50% formamide, 5× SSC, 0.1%
Tween-20, 50 μg/ml heparin, ∼500 μg/ml tRNA from Saccharomyces
cerevisiae) and prehybridized at 60–65 °C for 2–3 h. The HM was then
replaced with DIG-labeled RNA probes (at a 1:100 dilution in HM) and
hybridization was performed at 60–65 °C, overnight.
Embryos were washed with a descending HM/2×SSC series (75%
HM/25% 2×SSC, 50% HM/50% 2×SSC, 25% HM/75% 2×SSC and 100%
2×SSC, each for 15 min) at 60–65 °C. They were then washed
2×30 min with 0.2×SSC at 60–65 °C, after which they were quickly
washed with a descending 0.2×SSC/PBSTw series (75% 0.2×SSC/25%
PBSTw, 50% 0.2×SSC/50% PBSTw, 25% 0.2×SSC/75% PBSTw and 100%
PBSTw, each for 5 min) at room temperature.
Embryos were blocked with blocking buffer (0.2% heat-inactivated
sheep serum, 0.2% blocking reagent in PBSTw) for 1 h at room
temperature. This blocking buffer was then replaced with alkaline
phosphatase-conjugated anti-DIG antibody (1:3000 in blocking
buffer) and incubated overnight at 4 °C. Embryos were washed ﬁrst
with PBSTw, then with maleic acid buffer (MAB; 100 mMmaleic acid,
100 mM NaCl, 0.1% Tween-20) and ﬁnally with staining buffer
(100 mM Tris pH 9.5, 50 mM MgClz, 100 M NaCl, 0.1% Tween-20),
each for 4×30 s.
Embryos were then transferred to developing solution (∼4.5 μl
NBT and ∼3.5 μl BCIP per ml of staining buffer) and incubated in the
dark until the desired level of signal was obtained. They were then
washed with MAB and then PBSTw, each for 4×30 s. Each embryo wasbryos during the Blastula Period and early Gastrula Period. (A–D) An example of the
50 s of accumulated luminescence with a 70-second gap between each image. The color
the distribution of the number of Ca2+ transients observed in ﬁfteen 15-minute time
blastoderm from 2.25–6 hpf (i.e., from the 128-cell stage to the shield stage). Data are
ndow, which runs from ∼3.0 to 4.0 hpf, is highlighted in pink. Information regarding the
d early Gastrula Periods (Kimmel et al., 1995) are also shown. (Ei) Bright-ﬁeld image and
quadrant division information such that D, V, L and R are dorsal, ventral, left and right,
Fig. 4. Ca2+ transients are generatedpredominantly in the SECs. (A) Representative example of twoCa2+ transients (see asterisks) thatwere generated in a single SEC over a periodof 15min
(from3.5 to 3.75 hpf) as visualized by confocalmicroscopy using calcium green-1 dextran. (B) A representative deep cell, whichwas imaged over the same 15-minute period, to show that
no Ca2+ transientswere generated. Rhodamine B isothiocyanate–dextran (red traces in panels (A) and (B)) was used tomonitor Ca2+-independent changes inﬂuorescence. (C) Bar graph to
show the mean±SEM number of Ca2+ transients generated per SEC and deep cell in a 45-minute period during the DCW (i.e., from 3.0 to 3.75 hpf). Eight SECs and eight deep cells were
analyzed in each of four embryos. Asterisk indicates that a signiﬁcantly greater number of Ca2+ transients were generated by the SECs than the deep cells at pb0.05. (D) Schematic of an
embryo at ∼3.5 hpf, in side view, to show the region of the blastoderm (BD) scanned and the location of the eight SEC and deep cell regions of interest (ROIs) analyzed. AP, animal pole.
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and images of the embryos were taken with a Nikon digital camera
DXM 1200F mounted on a Zeiss Axioskop microscope using Zeiss
Plan-Apochromat 20×/0.60 and Plan-Neoﬂuor 10×/0.30 objectives.
The area of gsc expressionwas then determined using the Metamorph
image analysis software.
The effect of SU5402 on f-aequorin luminescence
Due to the differing results obtained using Calcium Green-1
dextran or aequorin as Ca2+ reporters, an in vitro assay was performed
to determine the effect of SU5402 on the luminescence activity of f-
aequorin. Aequorin luminescence was measured using an FB15
luminometer (Zylux Corp.). F-aequorin, (stock of 1%, which was
diluted 1:108 in aequorin buffer) and SU5402 (at 100 μM, diluted in
DMSO) were mixed in a 12×75 mm disposable borosilicate glass test
tube. The test tube was pre-washed with 100 μM EGTA, to remove
trace levels of contaminating Ca2+. The background level of lumines-
cence (measured in relative light units, RLU) was measured for 30 s
(using a 1-second accumulation time). CaCl2 (5 mM) was then added
to the tube, via the automatic injector, and the light output was
measured until it returned to the background level. Control experi-
ments, whereby CaCl2 was added to f-aequorin alone or to f-aequorin
plus 1% DMSO, were also performed.
The maximum level of luminescence (in photons/second) was
plotted for the untreated, DMSO- and SU5402-treated samples and
data were compared using the Mann–Whitney U test (Zolman, 1993).
Results
Characterization of the SEC Ca2+ transients by luminescent- and
ﬂuorescent-based Ca2+ imaging
(i) Establishment of a transient, dorsal-biased window of Ca2+
signaling during the Blastula Period
Embryos were injected with f-aequorin shortly after fertilization
(i.e., at the one-cell stage) and then imaged from an animal pole
view using our PIMs from the start of the Blastula Period (i.e.,
2.25 hpf) to the shield stage (i.e., 6.0 hpf) in the subsequent GastrulaPeriod. A series of aperiodic, localized, transient domains of elevated
Ca2+ were observed to occur throughout the Blastula Period. An
example of a number of these transients generated by a representa-
tive embryo at ∼3.0 hpf (i.e., the 1 K-cell stage) is shown in Figs. 3A–
D. These Blastula Period Ca2+ transients were observed in every
intact (i.e., still in the chorion) and dechorionated aequorin-loaded
embryo imaged. The signaling data acquired from intact embryos
(n=10) between 2.25 hpf and 6 hpf were analyzed by allocating
them to 15-minute time windows. Each individual Ca2+ transient
was identiﬁed by the automated analysis algorithm and assigned to
an embryonic quadrant (i.e., dorsal, ventral, left and right; see Figs.
3Ei and 3Eii) via our quadrant analysis protocol. Plotting the
resulting data as a line graph (see Fig. 3E) revealed that from
∼2.25–3.0 hpf, Ca2+ transients were distributed homogeneously,
with the number of transients that were generated in each quadrant
ranging on average from ∼10–20 transients per 15-minute interval.
From ∼3.0–4.0 hpf, however, the pattern of Ca2+ transients became
asymmetric. This resulted from the number of Ca2+ transients
generated in the ventral, left and right quadrants decreasing to
less than ∼10 transients in this time window, while the number of
transients generated in the dorsal quadrant continued to range on
average between ∼10–20 transients per 15-minute interval. Toward
the end of this time window, the number of Ca2+ transients in the
dorsal quadrant then began to decrease, such that from ∼4.0 hpf to
the end of imaging at 6.0 hpf, the distribution of Ca2+ transients in
all four quadrants was homogeneously distributed once again along
with a concomitant fall in the total number of transients to less than
one per minute. This transitory asymmetry in the distribution of Ca2+
transients occurred within ∼30 min of the SECs starting to thin out
and within ∼15 min of the MBT, when zygotic transcription begins
(Kimmel et al., 1995). The dynamic change from a homogeneous Ca2+
signaling pattern to asymmetric signaling was also observed in
dechorionated embryos (n=10; data not shown). Thus, we have
termed this period of asymmetry (i.e., from ∼3.0–4.0 hpf) the
“dorsal-biased Ca2+ signaling window” or DCW. Furthermore, when
comparing the frequency and periodicity of the Ca2+ transients with
the periodicity and duration of cell cycles 8–12 (previously reported
by Kane et al., 1992), there does not appear to be any discernible
correlation between these two sets of events (Fig. 3E).
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the superﬁcial epithelium
As the aequorin imaging method is currently limited by the fact
that it is not possible to accurately resolve low-level luminescent
emission in the z-plane, a series of experiments was undertaken
where embryos were loaded with the ﬂuorescent Ca2+ reporter,
calcium green-1 dextran (10S), and imaged from a lateral view using
ﬂuorescent confocal microscopy. This method conﬁrmed that aper-
iodic, localized, transient domains of elevated Ca2+ were generated
during the Blastula Period. Furthermore, these Ca2+ transients were
shown to be generated exclusively by the SECs and never by the
underlying deep cells (see Fig. 4). Thus, taking into account our
confocal imaging data, as well as the previous observations reported
by Reinhard et al. (1995) and Slusarski et al. (1997a,b), we made the
assumption that the Ca2+ transients observed using aequorin-based
imaging were also generated predominantly in the superﬁcial
epithelium. Thus, we have termed this particular form of Blastula
Period Ca2+ signaling event an “SEC Ca2+ transient”.
(iii) Properties of the individual SEC Ca2+ transients
The SEC Ca2+ transients generated during the DCW were analyzed
in greater detail using aequorin-based imaging at a higher magniﬁca-
tion. Two distinct types of SEC Ca2+ signaling events were observed
during the Blastula Period: (1) non-propagating Ca2+ transients that
were generated in single SECs (see Fig. 5) and (2) propagating Ca2+
waves that involved several (i.e., 2–5) adjoining SECs. A representative
example of a Ca2+ wave that initiates then propagates from one wave
initiation cell (WIC) to two other cells is shown in Figs. 6A–D. The
velocity of this wave, propagating between the ﬁrst cell and one of the
other cells, was calculated to be ∼9.2 μm/s (see Figs. 6A and E), and the
mean±SEM propagation velocity of 9 waves from 3 experiments was
calculated to be 8.2±0.3 μm/s. The direction of wave propagationwith
respect to the animal pole (AP)–vegetal pole (VP) and dorsal–ventral
axes was also investigated (see Fig. 6F). As the 19 waves that were
analyzed from 3 separate embryos appeared to propagate randomly in
all directions from each individual WIC, we concluded that there was
no obvious polarity in their direction of propagation with regards to
the AP–VP axis, or the future dorsal–ventral axis.
As dechorionated embryos provide clearer optics as well as better
access to reagents added to the bathing medium, it was considered
necessary to undertake a basic comparison of the properties of the SEC
Ca2+ transients in intact and dechorionated embryos. The means±
SEMs of the duration (Fig. 6Gi) and fold Ca2+ increase (Fig. 6Gii) of the
SEC Ca2+ transients were found to be 23.03±0.39 s and 2.49±0.03 fold,
respectively, in intact embryos, and 22.16±0.37 s and 2.41±0.03 fold,
respectively, in dechorionated embryos (a total of ∼200 Ca2+
transients were analyzed from both 5 intact and 5 dechorionated
embryos). No statistically signiﬁcant differences were found between
these two data sets. Thus, we felt conﬁdent in using dechorionated
embryos as an experimental model for this study.
The properties (i.e., duration and fold Ca2+ increase) of the
transients generated in each quadrant of the superﬁcial epitheliumFig. 5. Representative example of a Ca2+ transient that was generated during the dorsal-biase
showing a region of the superﬁcial epithelium. The SEC that generated the Ca2+ transient is h
luminescence, in pseudocolor, illustrating the localized Ca2+ transient. The border of the
accumulated luminescence, and consecutive panels are stepped at 15 s intervals. The colorwere also compared at three time periods: just before the DCW (i.e.,
from 2.75–3.0 hpf), and during the early (i.e., from 3.25–3.5 hpf) and
late (i.e., from 3.75–4.0 hpf) DCW. Analysis indicated that the duration
(Fig. 6Hi) and fold Ca2+ increase (Fig. 6Hii) of a total of 506 Ca2+
transients (from 5 dechorionated embryos) generated in all four
quadrants at the 3 time windows analyzed, showed no statistically
signiﬁcant differences with regards to the two parameters examined.
This analysis suggests that basically the same type of Ca2+ transient is
generated irrespective of its location in the SEC or when it occurs
during the Blastula Period. Thus, the only parameter that varies over
time is the number of transients generated with respect to the dorsal–
ventral axis.
Conﬁrmation of the mechanism of Ca2+ release generating the SEC Ca2+
transients during the DCW and the effect of inhibiting this release on
dorsal–ventral patterning
A series of experiments was performed to conﬁrm and extend
previous reports that SEC Ca2+ transients are generated via the PI
signaling pathway by Ca2+ release via IP3Rs (Reinhard et al., 1995;
Slusarski et al., 1997a; Westfall et al., 2003a; see Fig. 7A). These
experiments were as follows: (1) elimination of extracellular Ca2+ by
placing embryos in Ca2+-free 30% Danieau's solution; (2) using the
ryanodine receptor antagonist, ryanodine (at a high, inhibitory
concentration of 1 mM; Bull et al., 1989; Buck et al., 1992); (3) using
an IP3R antagonist: 2-APB (at 50 μMand 100 μM; Bootman et al., 2002;
Peppiatt et al., 2003); and (4) using the PLC inhibitor U73122
(at 0.1 μM and 0.4 μM; Bleasdale et al., 1990; Smith et al., 1990).
When embryos were exposed to Ca2+-free conditions (n=5), 1 mM
ryanodine (n=5), or 50 μM 2-APB (n=5), the number of SEC Ca2+
transients that were generated during the DCW was not statistically
different to the number generated by the corresponding control (see
Fig. 7A). However, when embryos were exposed to 100 μM 2-APB
(n=5), there was a signiﬁcant decrease (at pb0.01) in the number of
SEC DCW Ca2+ transients generated, when compared with the
corresponding control (Fig. 7A). These results support previous
reports, as well as indicate that the SEC DCW Ca2+ transients in
particular, are generated by Ca2+ release via IP3Rs. Since our data
strongly suggest that IP3Rs are responsible for releasing Ca2+ from
intracellular stores into the cytosol to generate the SEC Ca2+ transients,
the phosphoinositide (PI) signaling pathway is likely to be an
immediate upstream component of the signal transduction process.
As activation of phospholipase C (PLC) occurs during PI signaling (see
Fig. 2), aequorin-loaded embryos were also exposed to 0.1 μM or
0.4 μMU73122 (a strong PLC inhibitor), or 0.4 μMU73343 (a weak PLC
inhibitor that is structurally similar to U73122; Bleasdale et al., 1990;
Smith et al., 1990) during imaging. The number of Ca2+ transients
observed during the DCW in treated and untreated embryos was then
determined (see Fig. 7A). The results indicate that, compared with the
DMSO-treated control embryos, the number of SEC DCW Ca2+
transients in embryos exposed to 0.4 μM U73343 (n=5) and 0.1 μM
U73122 (n=5; Fig. 7A) was not signiﬁcantly different. However, thed Ca2+ signaling window in a single SEC between 3.0–3.25 hpf. (A) A bright-ﬁeld image
ighlighted in red. Panels B to D show the representative pattern of aequorin-generated
SEC generating the transient is highlighted in white. Each panel represents 30 s of
scale indicates aequorin-generated luminescence in photons/pixel. Scale bar=50 μm.
Fig. 6. Representative example of a localized intercellular Ca2+ wave, which propagates between adjoining SECs generated between 3.5–3.75 hpf. Panels A to D show the
representative pattern of aequorin-generated luminescence in pseudocolor, illustrating the propagating intercellular Ca2+ wave. The borders of the SECs are highlighted inwhite. Each
panel represents 10 s of accumulated luminescencewith no time interval between consecutive panels. To calculate the velocity of wave propagation, sampling regions S1 and S2were
placed on the wave initiation cell (WIC) and one of the neighboring cells through which the wave propagates, respectively (as shown in panel A). The distance between the center of
S1 and S2 is ∼46 μm. The direction of wave propagation is shown in panel B (yellow arrows). Scale bar=50 μm. Panel E shows the proﬁle of the number of photons detected in S1 and
S2 plotted against time (1 s of accumulated luminescence with no time interval between steps). The time taken for the wave fronts to pass from S1 to S2 was determined from this
graph, by subtracting the half-height time of the peak from the ﬁrst sampling region, from that of the second. Thus, the propagation velocity (distance/time) of the Ca2+ wave in this
example is∼9.2 μm/s. Panel F shows the direction of propagation from the center of theWIC (with respect to the animal–vegetal axis), of 19waves from3 representative experiments—
represented by red, blue and green arrows, respectively. The direction of propagation of the representative wave shown in panels A–D is illustrated by a dashed red arrow. (G)
Comparison of the (Gi) duration and (Gii) fold Ca2+ increase of the SEC Ca2+ transients, which occur during the dorsal-biased Ca2+ signaling window, in intact and dechorionated
embryos. Data are expressed asmeans and SEMs of a total of ∼200 Ca2+ transients, from both 5 intact and 5 dechorionated embryos. (H) Comparison of the (Hi) duration and (Hii) fold
Ca2+ increase of the Ca2+ transients recorded in the dorsal (D; blue), ventral (V; red), left (L; green) and right (R; orange) quadrants, just before the dorsal-biased Ca2+ signalingwindow
(DCW; i.e., from 2.75–3.0 hpf), and during the early (i.e., from 3.25–3.5 hpf) and late (i.e., 3.75–4.0 hpf) DCW. Data are expressed as means and SEMs of 30–50 Ca2+ transients per
quadrant at each time point, from 5 independent experiments.
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was signiﬁcantly lower (at pb0.01; n=5) than the DMSO-treated
controls. These results support previous suggestions that stimulation
of the PI cycle, via the activation of PLC, might be a key upstream
signaling event important in the generation of the SEC Ca2+ transients.
The effect of inhibiting IP3R-mediated Ca2+ release during the DCW
on dorsal–ventral patterning was explored by treating embryos with
50 μM 2-APB from ∼2.75 to 3.5 hpf (i.e., a signiﬁcant portion of the
DCW) then ﬁxing them at shield stage (i.e., 6 hpf) for subsequent
probing with the dorsal marker gsc. Embryos treated this way were
compared with control embryos also ﬁxed and probed at shield stage
(Figs. 7B and C). The results indicate that treatment with 50 μM 2-APB
resulted in a signiﬁcant expansion of dorsal tissue, as demonstrated by
the increased gsc expression domain. Embryos treated with concen-trations of 2-APB higher than 50 μM did not survive to shield stage
(data not shown).
Spatial and temporal expression of IP3Rs during the Blastula Period
The spatial and temporal pattern of IP3R expression was investi-
gated from 2.25 hpf to 4.25 hpf by immunohistochemistry and
cryosectioning using the monoclonal 18A10 antibody (Figs. 8A to E).
The intensity of antibody labeling in the SECs and in the deep cells (at
depths of 40 μm and 80 μm from the SECs) was then quantiﬁed. Fig. 8A
shows that at 2.25 hpf (i.e., before the SECs begin to thin out) the level
of staining in the SECs and in the deep cells below was not
signiﬁcantly different (see Fig. 8G). However, from 2.75 hpf (i.e.,
approximately when MBT occurs) to 4.25 hpf (Figs. 8B to E), the level
Fig. 7. The effect of Ca2+-free conditions, or treatment with ryanodine, 2-APB, U73343 or
U73122, on the SEC Ca2+ transients generated during the dorsal-biased Ca2+ signaling
window and the effect of 2-APB on gsc expression. (A) Embryos exposed to 100 μM 2-
APB or 0.4 μM U73122, but not other conditions, showed a signiﬁcant decrease (at
pb0.01, as indicated by “⁎”) in the number of DCWCa2+ transients, when comparedwith
the corresponding control. Data are expressed as means and SEMs of 5 experiments for
each treatment. (B) Expression pattern of gsc in representative (Bi) untreated (control)
and (Bii) 2-APB-treated embryos at shield stage. Embryos were treated with 50 μM 2-
APB from the 512-cell stage to the high stage. (C) Bar graph to show the area of gsc
labeling. The mean±SEMs of n=4 (control) and n=7 (2-APB treated) embryos are
shown. The area of gsc expression was signiﬁcantly increased (at pb0.05, indicated by
“⁎”) in the 2-APB-treated embryos.
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(at pb0.01; n=9 for each time point from 3 independent experiments;
see Fig. 8G).
Identiﬁcation of the signaling pathway(s) upstream of PLC
In order to identify the possible signaling pathway (or pathways)
that might be upstream of PLC (i.e., PLCβ and/or PLCу), both
antagonists and agonists of G-protein-coupled receptors (GPCRs)
and of receptor-tyrosine kinase (RTK) signaling pathways were used
(see Fig. 2). To investigate whether GPCR activation might be involved
upstream of PLCβ, embryos were treated from just before 3.0 hpf with
Wnt-5A (250 ng/ml), which has been reported to signal via the non-
canonical Wnt/Ca2+ signaling pathway (Slusarski et al., 1997a; Kühl et
al., 2000a), or with Wnt-7A (250 ng/ml), which has been reported to
signal both through the canonicalWnt/β-catenin pathway (Shimizu et
al., 1997) as well as via β-catenin-independent pathways in some
tissues (Kengaku et al., 1998), as a Wnt control. Wnt-5A-treatment
resulted in a signiﬁcant increase in the number of SEC Ca2+ transients
generated, when compared with the untreated controls (as well as
PBS solvent controls) and Wnt-7A-treatment controls (see Fig. 9A).
Wnt-5A-treated embryos also generated a normal embryonic shield at
∼6 hpf (see Fig. 9Ai).
Embryos were also injected with GDP-β-S (a non-hydrolyzable
analog of GDP, which inhibits G-protein activation; Piacentini et al.,
1996), and as a result they displayed a signiﬁcant decrease in both the
endogenous SEC Ca2+ transients and in the exogenous Wnt-5A-
stimulated transients (see Fig. 9B). As GDP-β-S was supplied as a
trilithium salt, both control and Wnt-5A-treated embryos were also
injected with a LiCl control buffer, which had no signiﬁcant effect on
the number of SEC Ca2+ transients generated during the DCW (see Fig.
9B). We also conﬁrmed that the up-regulation of the number of Ca2+
transients during the DCWoccurred predominantly in the SECs rather
than in the deep cell population (see Figs. 9Ci and Cii). These results
thus suggest that GPCR activation, via Wnt-5A stimulation of Frizzled-
2, might act via PLCβ to generate the endogenous SEC Ca2+ transients
(see Fig. 2).
In order to investigate whether RTK-mediated signaling pathways
might also play a role in stimulating SEC-generated Ca2+ transients via
PLCу, embryos were exposed to the FGFR agonist, FGF-1, or to the RTK
antagonists, SU5402 or AG1296, and the number of SEC Ca2+
transients generated were compared with the untreated controls (as
well as with PBS and DMSO solvent controls; Fig. 10). SU5402 is an
inhibitor of both the FGF- and PDGF-signaling pathways (Mohammadi
et al., 1997), while AG1296 is a speciﬁc inhibitor of PDGF signaling
(Kovalenko et al., 1997; see Fig. 2). Using aequorin-based lumines-
cence imaging, we found that application of FGF-1 (100 ng/ml; n=5)
and AG1296 (100 μM; n=5) had no signiﬁcant effect on increasing or
decreasing, respectively, the number of SEC Ca2+ transients. SU5402-
treated embryos (100 μM; n=5), however, exhibited an apparent
signiﬁcant decrease (at pb0.01) in the number of endogenous SEC
DCW Ca2+ transients generated, compared with the DMSO-treated
control (see Fig. 10A). Data resulting from a series of confocal
ﬂuorescent Ca2+ imaging experiments, however, did not indicate any
signiﬁcant decrease in the number of SEC Ca2+ transients during the
DCW on application of SU5402 (see Fig. 10C). This led us to carry out
an in vitro f-aequorin assay to explore the possibility that SU5402
might in some way inhibit aequorin luminescence. Fig. 10B indicates
that SU5402 does indeed inhibit aequorin/Ca2+ luminescence by a
similar magnitude to that displayed in the in vivo SU5402 experiments
illustrated in Fig.10A. Confocal Ca2+ imaging also conﬁrmed that FGF-1
had no signiﬁcant effect on increasing the number of Ca2+ transients in
either the SECs (see Fig. 10Ci) or deep cells (see Fig. 10Cii). It was also
clear that the application of SU5042 had no effect on the minimal Ca2+
signaling activity displayed by deep cells (see Fig. 10Cii). These results
suggest that the endogenous SEC Ca2+ transients that occur during theDCW are not generated via RTK signaling pathways, and thus support
the proposition that they are generated by Wnt-5A activity via
Frizzled-2 receptors and GPCR stimulation.
Ca2+ dynamics in hec mutant embryos during the Blastula Period
Fig. 11 shows a representative example (n=7) demonstrating a
signiﬁcant up-regulation (i.e., ∼3 to 6-fold) of the Ca2+ signaling
activity of a hecmutant embryo from 2.25 hpf to 5.25 hpf. Panels i and
ii show the morphology at 24 hpf of a control embryo and of the hec
mutant embryo responsible for generating the luminescence trace
shown, respectively. The hec embryo displays a deﬁciency in dorsal–
anterior development, which is typical of the range of defects reported
for hec mutants (Lyman Gingerich et al., 2005).
Discussion
Spatial distribution of the SEC Ca2+ transients: establishment of a
transitory dorsal-biased Ca2+ signaling window following the
mid-blastula transition
The most signiﬁcant new ﬁnding in our current study was the
identiﬁcation of a mid-Blastula Period signaling window, where the
spatial location of the individual SEC Ca2+ transients showed a distinct
bias toward the dorsal quadrant of the embryo. This would initially
appear to be at oddswith the previously-reported ventralizing effect of
PI-mediated Ca2+ release in zebraﬁsh (Slusarski et al.,1997a,b;Westfall
et al., 2003a,b). The dorsal-biased Ca2+ signaling window (DCW),
Fig. 8. The distribution of IP3Rs in the zebraﬁsh blastoderm from 2.25 hpf to 4.25 hpf. (A–E) Single confocal images taken though the blastoderm of embryos, which were ﬁxed at the
stage indicated in the upper right corner and then labeled by immunohistochemistry with the 18A10 monoclonal antibody. The color scale represents the relative level of IP3R
labeling with red being the highest and black, the lowest level. In panel A, the white dashed line illustrates the boundary between the superﬁcial epithelium and the underlying deep
cells (DC) and the blue, pink and black squares represent the location of three 20×20-pixel sampling regions that were used to quantify the intensity of ﬂuorescence in the SECs and in
the deep cells at depths of 40 μm and 80 μm from the superﬁcial epithelium. Panel F is a schematic to show the location on the blastoderm (in the red square) of the confocal images
(panels A–E) acquired. (G) Histogram showing the relative level of ﬂuorescence that was detected in the three 20×20-pixel size sampling regions (illustrated in panel A), at each time
point. From 2.75–4.25 hpf, the ﬂuorescent signals detected in the SECs were signiﬁcantly higher (at pb0.01, as indicated by “⁎”) than those detected in the deep cells. Scale
bar=20 μm.
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i.e., at ∼3.0 hpf, and lasted for ∼60min (see Fig. 3E). This suggests that
the period of development that is sensitive to the ventralizing effects of
PI-mediated Ca2+ releasemayoccur earlier in development. The switch
from a homogeneous distribution of Ca2+ transients throughout the
entire superﬁcial epithelium to an asymmetric distribution, might
result from some transcriptional activity of the zygotic genome where
the number of Ca2+ transients in the ventral, left and right quadrants
are reduced, thus resulting in a dorsal bias (see Fig. 3E). Towards the
end of the DCW the number of Ca2+ transients in the dorsal quadrant
then also fall, resulting in a low level of transients (i.e., less than oneper
minute) throughout the entire superﬁcial epithelium until the end of
the Blastula Period (see Fig. 3E). The dorsal biaswas not detected in any
of the previous reports of Ca2+ signaling during the Blastula Period
using either luminescent (Créton et al., 1998; Webb and Miller, 2000,
2006) or ﬂuorescent (Reinhard et al., 1995; Slusarski et al., 1997a,b;
Westfall et al., 2003a,b) reporters. This might be explained by the fact
that in reports where the authors used non-confocal luminescent or
ﬂuorescent methodologies, they imaged their embryos from a lateral
view. As the dorsal side of the embryo cannot readily be determined by
simple morphological observation of live embryos until the late
Blastula Period, when there is a thinning of the blastoderm on the
presumptive dorsal side of the embryo (Schmitz and Campos-Ortega,
1994) it is not possible to orient a near-spherical early Blastula Period
embryo in a lateral viewwith any clear understanding ofwhere exactlythe shield will eventually appear with respect to the imaging plane. It
has been claimed that the location of the dorsal–ventral axis can be
predicted to a certain degree by the orientation of the early cleavages
(Strehlow and Gilbert, 1993). This observation has, however, not been
uniformly accepted (Abdelilah et al., 1994; Helde et al., 1994).
Furthermore, unless an embryo is immobilized throughout the
Blastula Period, it is also possible that it will move during data
collection and thus compromise any subsequent analysis that involves
accumulating or subtracting data sets. The non-confocal imaging
methodologies previously applied relied on accumulating data over
signiﬁcant periods of time. In the case of Créton et al. (1998), the
luminescent images displayed were described as representing expo-
sures of 30,000 photons, while Slusarski et al. (1997a) presented their
data as three-dimensional position-sensitive pseudocolor graphs
displaying the total number of Ca2+ transients observed during 95 to
150min imaging periods starting around the 32-cell stage (∼1.75 hpf).
Thus, such methods of data collection and analysis may have failed to
detect the establishment of a transitory asymmetry in the SEC Ca2+
signaling patterns.
In the report by Reinhard et al. (1995), where confocal ﬂuorescent
microscopywas applied to explore endogenous BP Ca2+ transients (and
in some experiments embryos were oriented with their animal poles
facing the collecting lens) still no spatial asymmetrywith respect to the
dorsal–ventral axis was reported. In this case, we suggest that the
transient asymmetry might have been missed due to a combination of
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positions (one close to the animal pole, one at the midsection of the
blastoderm, and one at the blastoderm/yolk cell margin), and the post-
acquisition subtractive analysis protocols applied.
Even though it is a non-confocal technique, we suggest that low-
resolution, aequorin-based imaging of whole embryos placed in the
optimal orientation (i.e., with their animal poles oriented toward the
collecting lens), and held in such amanner that they do notmove until
the location of the dorsal side can be morphologically determined, is
currently the best, and perhaps the only, way to observe the transitory
dorsal-biased asymmetry in the endogenous Blastula Period SEC Ca2+
signals. This is, therefore, the ﬁrst report indicating a dorsal–ventral
asymmetry in the SEC-generated Ca2+ transients following the MBT. In
addition to aequorin-based imaging, we also used confocal ﬂuorescent
microscopy, and conﬁrmed Reinhard et al.'s (1995) report that the
Blastula Period Ca2+ transients occur exclusively in the SECs. It has
been reported, however, that the superﬁcial epithelium is a progenitor
tissue until around sphere stage (Oteíza et al., 2008). Thus, the Ca2+
transients are being generated in cells that may undergo a cell division
in the plane of the epithelium and thus give rise to a mesenchymal-
like deep cell, as well as an SEC. We propose, therefore, that the SECs
may in this way function to convey, in a highly localized manner,
patterning information to the population of deep cells beneath them.
Once an SEC-derived cell enters the deep cell population, its Ca2+Fig. 9. The effect of agonists and antagonists of the Wnt/Ca2+ signaling pathway on the SEC C
data collected via luminescent f-aequorin (A and B) and ﬂuorescent calcium green-1 dextran
in untreated control embryos (as well as those treated with the PBS solvent) and in embryo
Wnt-7A, respectively. The insert (Ai) indicates that in Wnt-5A-treated embryos, where we r
was still seen to form at ∼50% epiboly. Scale bar is 200 μm. (B) Embryos treated with the G-p
Ca2+ transients and in Wnt-5A-stimulated Ca2+ transients. Embryos were co-injected with
ﬂuorescent (GDP-β-S-treated) and non-ﬂuorescent (untreated) regions of the superﬁcial e
trilithium salt, and therefore both untreated and Wnt-5A-treated embryos were also inject
determine the precise cellular location of theWnt-5A up-regulation of the Ca2+ transients. Th
the (Ci) SECs and (Cii) deep cells, in both untreated embryos and in those treated with Wn
independent experiments for each treatment, and “⁎” indicates results that are signiﬁcantlysignaling activity appears to cease as no Ca2+ transients were recorded
from the deep cells (see Figs. 4B and C).
Although the establishment of a transitory DCW has not been
previously reported, other aspects in our new study relating to the
general nature of the SEC Ca2+ transients, for example the duration
and approximate Ca2+ rise (i.e., Fig. 6G), are remarkably similar to
earlier reports (Reinhard et al., 1995; Slusarski et al., 1997a). We also
demonstrate that the removal of the embryonic chorion to improve
the imaging optics had no signiﬁcant effect on the basic characteristics
of the SEC Ca2+ transients (see Fig. 6G). Furthermore, once again in
support of Reinhard et al.'s (1995) work, we conﬁrm that two forms of
SEC Ca2+ transients occur: non-propagating single-cell transients (see
Fig. 5) and short-distance (i.e., between 2 to 5 adjoining cells)
propagating intercellular Ca2+ waves (see Figs. 6A to E), where we
estimate intercellular Ca2+ wave velocities of ∼8–9 μm/s. Our imaging
sequences also conﬁrmed that wave propagation was not related to
cell division as waves were generated between adjacent SECs that
were in interphase (i.e., both nuclei were visible). Furthermore, we
established that the direction of wave propagation within the
superﬁcial epithelium appeared to be random (see Fig. 6F) and did
not, therefore, display any distinct polarity with respect to either the
dorsal–ventral or the animal–vegetal axes. We suggest that the
direction of wave propagation might relate more to the establishment
of gap junctions between adjacent SECs, and it is this factor thata2+ transients generated during the dorsal-biased Ca2+ signaling window. Ca2+ transient
(C and D) imaging. (A) Comparison of the number of DCW SEC-generated Ca2+ transients
s treated with the Wnt/Ca2+ and Wnt/β-catenin signaling pathway ligands Wnt-5A and
ecorded an approximate doubling in the number of Ca2+ transients, a normal shield (S)
rotein complex antagonist, GDP-β-S, display a signiﬁcant decrease in both endogenous
GDP-β-S and rhodamine B dextran. Thus, the number of Ca2+ transients generated in
pithelium of the same embryo could then be compared. GDP-β-S was supplied as a
ed with a LiCl control buffer. (C) Fluorescent confocal imaging was also carried out to
us, comparisons weremade between the number of Ca2+ transients generated per cell in
t-5A (or its solvent control, PBS). In panels A–C, data are expressed as mean±SEM of 4
different than the controls (at pb0.05).
Fig. 10. The effect of an agonist (FGF-1), and two antagonists (SU5402 and AG1296), of receptor tyrosine kinases (see Fig. 2) on the SEC Ca2+ transients generated during the dorsal-
biased Ca2+ signaling window. (A) Luminescent Ca2+ imaging with f-aequorin: comparison of the number of DCW SEC-generated Ca2+ transients in untreated (control) embryos and
in embryos treated with FGF-1, SU5402, or AG1296 (or their solvent controls, PBS or DMSO). Data indicate no Ca2+ transient up-regulation on treatment with FGF-1, no down-
regulation with AG1296, but an apparent ∼30% down-regulation of Ca2+ transients on treatment with the FGFR/PDGFR antagonist, SU5402. (B) In vitro f-aequorin assay: comparison
of the maximum luminescence emitted by f-aequorin following the addition of CaCl2 alone (control), and in the presence of SU5402 or DMSO (solvent control). Data suggest a
signiﬁcant inhibition of f-aequorin luminescence in the presence of SU5042. (C) Fluorescent Ca2+ imaging with calcium green-1 dextran. Comparison of the number Ca2+ transients
generated per cell in the (i) superﬁcial epithelium and (ii) deep cells, in untreated embryos (control) and in those treated with FGF-1 or SU5402 (or their solvent controls, PBS or
DMSO). Data indicate that there is no signiﬁcant up-regulation or inhibition of Ca2+ transients in the SECs or deep cells, in the presence of the FGFR agonist or antagonist, used. In
panels A–C, data are expressed as mean±SEM of 4 independent experiments for each treatment, and “⁎” indicates results that are signiﬁcantly different than the controls (at pb0.05).
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direction (Berridge et al., 2003).
Upstream triggers of the SEC Ca2+ transients
In their pioneering study, Reinhard et al. (1995) suggested that the
endogenous SEC Ca2+ transients were generated by Ca2+ release via
IP3Rs and thus resulted from the activation of the PI pathway. Good
evidence has accumulated over the years to support this proposal
(Slusarski et al., 1997a,b; Westfall et al., 2003a,b; Lyman Gingerich et
al., 2005). In addition to our new immunolabeling data (see Fig. 8) this
current study also provides further pharmacological evidence (see Fig.
7A) to support this Ca2+ release pathway. We report that exposure to
100 μM 2-APB signiﬁcantly reduced the overall number of SEC Ca2+
transients, whereas exposure to Ca2+-free conditions and 1 mM
ryanodine, had no signiﬁcant effect. 2-APB has also been reported to
be an antagonist of store-operated Ca2+ channels (SOCCs; Bootman et
al., 2002; Peppiatt et al., 2003) aswell as IP3Rs. However, as exposure of
dechorionated Blastula Period embryos to Ca2+-free conditions (see
Fig. 7A) had no effect on the total number of SEC Ca2+ transients, this
suggests that extracellular Ca2+, and thus functional SOCCs, plays a
minimal role in the generation of the SEC Ca2+ transients. Thus, the
inhibitory effect of 2-APB is most likely to be due to the inhibition of
IP3Rs rather than via an inhibition of SOCCs.Persuasive evidence is accumulating to indicate that G-protein
activation of PLCβ, rather than RTK activation of PLCγ, is the upstream
trigger of the SEC Ca2+ transients in zebraﬁsh (Slusarski et al., 1997a,b;
Westfall et al., 2003a,b). Our current data also support this proposi-
tion, as treatment with either an agonist or antagonists of FGFRs did
not have any effect on the generation of SEC Ca2+ transients (see Fig.
10). Furthermore, as well as causing an increase in the frequency of
SEC-generated Ca2+ transients, the over-expression of different Wnt-5
RNAs have also been reported to cause different dose-dependent
phenotypes including dorsalization, ventralization, and cell move-
ment defects (Slusarski et al., 1997a,b; Westfall et al., 2003a,b). We
also report that treatment with exogenous Wnt-5A protein or the G-
protein complex antagonist GDP-β-S, resulted in a signiﬁcant increase
and decrease, respectively, in the number of SEC Ca2+ transients
generated (see Figs 9A and B). The increased number of exogenous
Wnt-5A-induced Ca2+ transients was generated predominantly by the
SECs (see Figs. 9Ci and Cii). This indicates that the increasewas not due
to other cell types (i.e., the deep cells) responding to the exogenous
ligand, suggesting that up-regulation in the number of Ca2+ transients
was restricted to the SECs. Treatment with Wnt-7A, which has been
reported to signal through the canonical β-catenin pathway (Shimizu
et al., 1997) and via β-catenin-independent pathways in some tissues
(Kengaku et al., 1998), had no signiﬁcant effect on the SEC-generated
Ca2+ transients (see Fig. 9A), suggesting that the endogenous SEC Ca2+
155L.H. Ma et al. / Developmental Biology 327 (2009) 143–157transients in zebraﬁsh are speciﬁcally mediated via a non-canonical
Wnt-5 family member.
We report that treatment with the IP3R antagonist 2-APB (50 μM)
for 45 min during the DCW (i.e., ∼3.0 to 3.75; 1 K-cell- to oblong-
stage) results in an expansion of dorsal tissue as measured by the
expression of the dorsal marker gsc (see Figs. 7A–C). This suggests that
although the dorsal–ventral axis is speciﬁed during the early Cleavage
Period, perhaps as early as the 4-cell stage (i.e., 1.0 hpf; Gore et al.,
2005), the DCWmay play a critical role inmaintaining, or in someway
further developing, the dorsal–ventral axis during the mid- to late-
Blastula Period. Westfall et al. (2003a), reported a speciﬁc window of
sensitivity of the PI cycle inhibitors, where treatment between the 1-
and 16-cell (i.e., 0.2 to 1.5 hpf) stage resulted in dorsalization and axis
defects, while embryos exposed to inhibitors after the 128- to 256-cell
stage (2.23 to 2.5 hpf; i.e., just before the DCW) appeared to be the
same as wild-type control embryos or displayed anterior head defects
with the fusion of eyes. Using the shield-speciﬁc dorsal marker chor-
din (Miller-Bertoglio et al., 1997), Westfall et al. (2003a) also reported
that early treatment with all the PI cycle inhibitors resulted in
expanded chordin domains at around 50% epiboly. These data,
therefore, resemble our DCW 2-APB-treatment experiments, but our
new data suggest that the window of sensitivity to inhibitors of Ca2+
release extends through the mid-Blastula Period, or that a new period
of Ca2+ release sensitivity develops at a later time during the Blastula
Period.
It has also been reported that lithium treatment at the 16-cell stage
dorsalizes zebraﬁsh embryos, further supporting the suggestion that a
PI pathway-related dorsal–ventral speciﬁcation mechanism may be
present at this early stage (Aanstad andWhitaker,1999). This period of
lithium sensitivity was also reported to be short-lived, and was over
by the MBT (i.e., ∼2.75 hpf; Stachel et al., 1993) and thus before the
DCW.We report that the injection of LiCl during the DCW (as a GDP-β-
S injection control) had no effect on either the generation of the DCW
SEC Ca2+ transients or on the development of the control embryos (see
Fig. 9B). This would appear to be contradictory to our 2-APB data,
which suggest that some form of PI cycle sensitivity extends through
the mid-Blastula Period. We estimated, however, that in our
experiments the ﬁnal cytoplasmic concentration of LiCl injected into
zebraﬁsh embryos at the 64-cell stage would only have been ∼600 nM
(using a dilution factor estimation similar to that applied by Leung et
al., 1998), compared with cytoplasmic concentrations of 25 mM–
100 mM, which were loaded into one or two blastomeres of 16-cell
stage embryos by Aanstad and Whitaker (1999). We suggest, there-
fore, that this signiﬁcant difference in ﬁnal cytosolic lithiumFig. 11. Representative changes in [Ca2+]i that occur in AB wild-type and hec mutant
embryos during the Blastula Period (i.e., from the 128-cell stage to 50% epiboly). f-
aequorin-generated data were plotted every 60 s, each data point representing 60 s of
accumulated luminescence for an imaging ﬁeld covering the entire blastoderm of each
embryo (approximately 50,000 pixels). The traces are representative of n=10 AB and
n=7 hec mutant embryos. The bright-ﬁeld images (panels i and ii) show the
morphology of the AB and hec embryos at 24 hpf. Scale bars are 200 μm.concentration might explain the lack of any effect on either the
generation of SEC Ca2+ transients or on embryonic development,
rather than the DCW being a period of lithium insensitivity.
Taken together, all this evidence suggests that the ventralizing
effect of the PI pathway mediated Ca2+ release occurs early in
development, prior to the DCW.
Blastula Period Ca2+ transients and the Wnt signaling network
Wnt signaling regulates differentiation and proliferation of a
variety of cell types during animal development (Miller et al., 1999;
Logan andNusse, 2004). SomeWnts (e.g.,Wnt-1 andWnt-8) activate a
signaling pathway that results in increased levels of β-catenin, which
in turnmodulates transcription of target genes (Huelsken andBehrens,
2002; Gordon and Nusse, 2006). This pathway has been termed the
canonical or Wnt/β-catenin pathway. One of the earliest functions of
this pathway in vertebrate embryogenesis is to specify dorsal cell fates
(Sokol, 1999). However, at least three Wnt-mediated signaling path-
ways have been reported to function independent of β-catenin. One
pathway involves the activation of Ca2+/calmodulin-dependent kinase
II (CamKII) and protein kinase C (PKC). Another includes the
recruitment of heterotrimeric GTP-binding proteins to activate
phospholipase C (PLC), and lastly, a pathway similar to the plane of
cell polarity (PCP) pathway in Drosophila, has been identiﬁed that
activates the Jun-N-terminal kinase (JNK) as well as small GTP-binding
proteins. Ca2+ has been implicated as an important second messenger
in all three of these β-catenin-independent signaling pathways and
they are sometimes grouped together and termed the Wnt/Ca2+ or
non-canonical signaling pathways (Kohn and Moon, 2005).
An additional layer of complexity arose when strong evidence
began to emerge that some Wnts might work to antagonize other
Wnts. Experiments from zebraﬁsh (Westfall et al., 2003a) provided
convincing genetic support for the proposition that Wnt/Ca2+
signaling, via the PI pathway, was required for the generation of
ventral cell fate and that it might function by antagonizing Wnt/β-
catenin signaling, which promotes dorsal fate.
Our new data, however, indicate that during the DCW, a greater
number of endogenous SEC Ca2+ transients are generated in the dorsal
quadrant of the embryo, i.e., in the very domain where the
stabilization of β-catenin is required for dorsal organization. Our
discovery of the DCW would appear, therefore, to be directly at odds
with the proposal that Wnt-5A antagonizes Wnt/β-catenin via Ca2+
release in order to promote ventral tissue fates. We suggest, however,
that the contradiction between our new data and what has been
previously reported might be explained by considering the timing of
when the proposed Ca2+-mediated Wnt/β-catenin antagonism takes
place. The latter model was developed from imaging experiments,
where it was reported that there was a homogenous distribution of
Ca2+ transients in the superﬁcial epithelium, and indeed this is what
we report prior to the MBT (i.e., ∼2.75 hpf). It is only between around
3.0 and 4.0 hpf that we visualized the generation of the DCW. We
suggest, therefore, that perhaps the Ca2+-mediated Wnt/β-catenin
antagonism reported previously takes place earlier in the Blastula
Period and that this determines ventral cell fate prior to the DCW. We
also suggest that the complex relationship between the canonical and
non-canonical Wnt signaling pathways may change over time as
different receptors and co-factors are expressed. The DCW is only
generated following the MBT and the beginning of zygotic transcrip-
tion. Thus, perhaps a maternally-derived Wnt signaling network is
being replaced by or integrated into a zygotic one.
As reported previously, treatment of embryos with Ca2+ release
and PI pathway inhibitors results in an expansion of dorsal tissues
(Westfall et al., 2003a,b). The latter was interpreted as resulting from a
reduction in the Ca2+-mediated Wnt/β-catenin antagonism. The
sensitivity window for these treatments, however, was reported to
be early (i.e., the 1- to 32-cell stage), which supports our suggestion
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be early. It is possible that the DCW Ca2+ transients may also help (via
an as yet unknown mechanism) to maintain and/or reinforce the
dorsal–ventral axis established prior to the MBT. Thus, when they are
inhibited (e.g., with 2-APB) this also results in an expansion of dorsal
tissue as indicated by an increase in the domain of gsc expression (see
Figs. 7B and C).
Conclusions
There is a growing body of evidence to support the suggestion that
modulation of intracellular Ca2+ release via the Wnt/Ca2+ signaling
pathway is critical for early vertebrate dorsal–ventral patterning and
that it may act, in part, by antagonizingWnt/β-catenin signaling (Kühl
et al., 2000a,b; Moon et al., 2002; Westfall et al., 2003a,b, Lyman
Gingerich et al., 2005; Slusarski and Pelegri, 2007; Freisinger et al.,
2008). Our new data suggest, however, that there may be an
additional level of complexity regarding the role played by Ca2+ in
the dynamic interacting signaling networks that develop and
maintain the dorsal–ventral axis. During the early, pre-MBT portion
of the Blastula Period, it would appear that the Ca2+ transients are
homogeneously distributed throughout the superﬁcial epithelium. It
may, therefore, be that during this time these particular Ca2+ signals
antagonize Wnt/β-catenin signaling and as a result help to promote a
ventral fate in the underlying deep cell population. Following theMBT,
however, the spatial dynamics of the SEC-generated Ca2+ transients
change, where during an approximate 60-minute period, more Ca2+
transients are generated in the dorsal quadrant of the superﬁcial
epithelium than in the remaining three quadrants. This DCW still
appears to play a role in maintaining/developing the dorsal–ventral
axis, but via a mechanism other than antagonizing Wnt/β-catenin
signaling. We propose, therefore, that although the nature and mode
of generation of these SEC Ca2+ signals remain the same, their spatial
distribution and possible downstream targets may change over the
course of early development.
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